We sought to investigate the efficacy and safety of tezosentan, a dual endothelin receptor antagonist, in patients hospitalized for acute heart failure (HF). BACKGROUND Tezosentan has been previously shown to improve hemodynamics in patients with stable chronic HF.
Acute heart failure (HF) is characterized by impairment of left ventricular function, increases in peripheral and pulmonary vascular resistance, systemic desaturation, reductions in perfusion of vital organs and exercise tolerance, and dyspnea (1, 2) . These hemodynamic disturbances and symptoms can evolve into cardiovascular collapse and ultimately death. The goals of treatment for patients with acute HF are rapid symptom relief and stabilization of the patient, but current knowledge of the pathophysiologic mechanisms leading to the development of acute HF is limited. Therefore, additional treatments with different mechanisms of action are needed.
Plasma endothelin (ET)-1 concentrations are elevated in patients with chronic HF, correlate with both hemodynamic and symptom severity (3) (4) (5) (6) , and are strong independent predictors of death in these patients (7) . Blockade of the detrimental effects of ET-1 could be effective in improving both hemodynamic and clinical end points in patients with acute HF and those with chronic HF. Tezosentan is a dual ET A /ET B receptor antagonist designed for parenteral use. It has a short half-life (ϳ10 min) and is eliminated unchanged in the bile without renal excretion (8) . The results of two small, short-term studies in patients with symptomatic but stable HF (9, 10) indicated that treatment with tezosentan (5 to 100 mg/h up to 6 h) was associated with a dose-related increase in the cardiac index and decreases in systemic and pulmonary pressures and resistances. At all dosages, most of the beneficial effect was achieved within 1 h. No tolerance was evident, and treatment cessation was not associated with a rebound effect (blood pressure [BP] returned to baseline and the increase in the cardiac index was sustained for Ն4 h) or an increase in the heart rate. The primary objectives of this trial were to confirm previous preliminary findings and evaluate the hemodynamic effects of two tezosentan doses in patients hospital-ized with acute HF and in need of immediate treatment. The impact of tezosentan treatment on dyspnea and death or worsening HF was also explored.
METHODS
This was a double-blind, randomized, placebo-controlled study of two dosages of tezosentan infused over 24 h, which was approved by the site-specific ethics committees and conducted according to the amended Declaration of Helsinki at 36 centers in Europe, Israel, and the U.S. All patients gave written, informed consent. Patients and treatment. The study population included males and females (surgically sterile, postmenopausal, or using contraceptives) who were Ն18 years of age with ischemic or non-ischemic heart disease, admitted to the hospital with acute HF, and in need of intravenous treatment (based on the investigator's judgment) for this condition. Entry criteria included a pulmonary capillary wedge pressure (PCWP) Ն15 mm Hg, a cardiac index Յ2.5 l/min per m 2 , and the need for continuous hemodynamic monitoring for treatment guidance. Patients with a supine systolic BP Ͻ85 mm Hg, acute coronary syndrome or percutaneous transluminal coronary angioplasty within the last seven days, hemodynamically relevant cardiac arrhythmias, other serious systemic diseases, cardiac or major non-cardiac surgery within the last 30 days, or mechanical ventilatory or circulatory support or chronic/acute dialysis were excluded.
Qualified patients were randomized to 50 or 100 mg/h tezosentan or placebo administered through an intravenous cannula by sequential allocation of randomly ordered, blinded treatment (provided in blocks of three by an independent party). Treatments were identically packaged, and solutions were identically prepared by the pharmacist. Patients were treated for 1 h with tezosentan 25 mg/h or placebo; the infusion rate was doubled to obtain tezosentan at 50 mg/h throughout hour 2. Thereafter, new solutions were administered so that patients received placebo or tezosentan at 50 or 100 mg/h for the next 22 h. The infusion rate could be reduced by half once or twice in case of systolic BP Ͻ80 mm Hg, symptomatic hypotension, or drug-related adverse events. Dosages were chosen based on the results of phase II studies demonstrating that the plateau of the dose-response curve for the cardiac index was reached with 50 to 100 mg/h; the starting dose (25 mg/h) was chosen to simplify the up-titration.
Oral therapy for HF at any time and parenteral therapy for HF administered up to 2 h (for milrinone, up to 4 h) before randomization were unrestricted. Parenteral treatments were to remain stable, and intravenous diuretics were prohibited during the 2 h before randomization. After the start of study drug, initiation or increase of parenteral treatments (including diuretics up to hour 6) was reserved for patients who continued to deteriorate or showed no response to treatment. Intravenous diuretic treatment was limited to furosemide or, in case of a known allergy, ethacrinic acid in order to standardize use across centers. Assessments. Hemodynamic variables were measured at baseline, at 1, 2, 4, 6, and 24 h after treatment initiation, and at 3 and 6 h after treatment cessation via a Swan-Ganz catheter inserted at least 2 h before the start of infusion. Cardiac output was determined by thermodilution. Systolic and diastolic pulmonary artery pressures (PAP), PCWP, and mean right atrial pressure (RAP) were obtained during expiration. Arterial pressures were measured with a pressure transducer in the arterial line. Heart rate was continuously monitored. The cardiac index and pulmonary and systemic vascular resistances (PVR and SVR, respectively) were calculated using standard formulas.
Patients assessed their dyspnea at 6 and 24 h of infusion using a 7-point scale, ranging from "markedly improved" (1) to "markedly worsened" (7). The eighth rank (worst) was assigned if the patient died or experienced worsening HF during randomized therapy. Time to death or worsening HF (associated with initiation or increase in intravenous inotropic, phosphodiesterase inhibitor, or vasodilator therapy; intravenous diuretic treatment during the first 6 h of randomized treatment; initiation of mechanical circulatory or ventilatory support; or arrhythmias necessitating electrical cardioversion) was evaluated over the 24-h infusion.
Adverse events were monitored throughout the infusion; hypotension was judged asymptomatic or symptomatic by the investigator. Deaths and serious adverse events were reported up to 28 days after treatment cessation. Routine hematologic studies and multipanel blood chemistry tests, 12-lead electrocardiograms (ECGs), and vital signs were assessed at baseline and at the end of infusion. Statistical analysis. The primary end point (mean change from baseline to hour 6 in the cardiac index) was used to test the null hypothesis that there is no difference between the treatment arms. Secondary end points included changes in other central hemodynamic parameters, the patient's perception of the change in dyspnea, and the time to death or worsening HF. The sample size (77 patients/arm) was estimated using a treatment difference in the cardiac index of 0.3 l/min per m 2 (determined from phase II studies) between any pair of treatments, equal standard deviations (SDs) of 0.5 l/min per m 2 , and Tukey's Studentized Range test (overall two-sided type I error of 0.05, 90% power). The
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For evaluation of the change in the cardiac index, patients who experienced death or worsening HF were assigned the worst rank (largest percentage decrease in the cardiac index in the relevant population). Patients withdrawn for other reasons during the first 6 h of treatment were included using the last value carried forward. Patients without baseline measurements were excluded. Unplanned analyses were performed for treatment differences in dyspnea scores (Mann-Whitney U test) and the time to death or worsening HF (log-rank test) with Kaplan-Meier estimates of the proportions of failures displayed. Other parameters were analyzed descriptively.
RESULTS
Seven of the 292 randomized patients were not treated, either because of unfulfilled entry criteria (n ϭ 5), withdrawn consent, or a dislodged catheter, and as per protocol, they were omitted from analyses. The remaining 285 patients comprise the efficacy and safety populations. No statistical differences between treatment groups were found regarding baseline characteristics (Table 1 ). All patients were taking medications for HF at baseline (Table 2) , with 41% to 56% given intravenous diuretics and 72% to 76% given oral diuretics (mean 124 to 202 mg and 114 to 124 mg furosemide equivalents, respectively) during the 24 h before study treatment initiation. During the infusion, oral medications were usually continued, and concomitant intravenous medications were generally similar among treatment groups. One patient receiving 50 mg/h, two receiving 100 mg/h, and two receiving placebo were prematurely discontinued during the first 6 h of treatment, all due to adverse events. Hemodynamic effects. The baseline cardiac index was similar in all treatment groups (Table 1) , but the change in the cardiac index from baseline to hour 6 of the infusion was significantly greater in both tezosentan groups than in the placebo group (p Ͻ 0.0001) ( , respectively. About 75% of the maximum observed increase was reached during the first hour of treatment with the 25-mg/h dose, and the maximum was obtained within 4 h. This improvement was sustained over the entire 24-h infusion and persisted for Ն6 h after treatment cessation. Effects were similar with both tezosentan doses.
Other hemodynamic variables were also improved with tezosentan (Fig. 2) . Significant decreases in PCWP were obtained by hour 6 with both 50 and 100 mg/h compared with placebo, with mean (95% CL) treatment effects of Ϫ3.9 (Ϫ6.0 to Ϫ1.7) and Ϫ3.9 (Ϫ6.0 to Ϫ1.9) mm Hg, respectively (p Ͻ 0.0001). Additionally, mean decreases from baseline in other hemodynamic variables were significant with tezosentan and similar with each dose. In contrast, minimal changes were observed with placebo. As with the cardiac index, these beneficial effects were maintained during the entire 24-h infusion and for Ն6 h after treatment cessation. Clinical assessments. A small improvement in the patient's perception of dyspnea was observed after 6 h with tezosentan (p ϭ 0.46), which was larger after 24 h of treatment (p ϭ 0.07) (Fig. 3) . Because hemodynamic effects were similar between the two tezosentan doses and the study was not powered with respect to clinical outcomes, a post hoc analysis was performed with the two dose groups combined. In this pooled analysis, dyspnea was improved in a significantly greater proportion of patients receiving tezosentan (n ϭ 191) than those receiving placebo (n ϭ 94) after 24 h of infusion (p ϭ 0.048). During the infusion, death or worsening HF occurred in fewer patients receiving tezosentan (8.9% in each group) than those receiving placebo (16.0%), which is reflected in the time-to-event analysis (Fig. 4) . When the similar tezosentan arms were pooled (post hoc analysis), a trend was seen, but the results did not reach statistical significance. Safety assessments. The continuous 24-h infusion of tezosentan was generally well tolerated, but the overall Torre-Amione et al. July 2, 2003:140-7 Tezosentan in Acute HF incidence of adverse events during treatment was higher with tezosentan than with placebo, due to higher incidences of headache and hypotension (Table 3) . Most cases of headache were mild; moderate to severe headache occurred in five and seven patients receiving tezosentan at 50 and 100 mg/h, respectively, and did not occur with placebo. Hypotension appeared to be dose-related, but most cases were asymptomatic. Symptomatic hypotension occurred in three patients receiving placebo, in three patients receiving 50 mg/h tezosentan, and in five patients receiving 100 mg/h tezosentan. However, hypotension was the most common reason for premature treatment discontinuation (Table 4) . No other adverse event had a higher incidence with tezosentan than with placebo, but apparent dose-related trends were observed in nausea and vomiting. The occurrence of renal failure appeared related to tezosentan treatment (Table 3 ) and was therefore evaluated in greater detail. When adverse event reports (renal failure/ impairment) and marked increases in serum creatinine (Ͼ154 mol/l with Ͼ75% increase) were combined, the incidence was similar in all three treatment groups (Table  4) . However, renal failure appeared to occur earlier among patients receiving tezosentan (during treatment or within 48 h after) and later in patients receiving placebo. The proportions of these patients receiving dialysis and who recovered were similar among the three groups. Many who experienced renal failure during the study had a history of chronic renal failure (50%, 71%, and 78% receiving placebo and low and high tezosentan doses, respectively). Overall, mean (ϮSD) serum creatinine concentrations changed little (Ϫ7 Ϯ 23, 8 Ϯ 41, and 4 Ϯ 31 mol/l, respectively).
Only two of the 21 deaths during the 28-day follow-up (Table 4) occurred during or within 48 h after the infusion. One patient died during placebo infusion (ventricular fibril- Torre
lation secondary to progressive respiratory failure and worsening HF), and one patient died of cardiac arrest 44 h after the 50-mg/h tezosentan infusion was stopped. A post hoc analysis of the time to death, cardiac failure, pulmonary edema, or cardiogenic shock assessed over the 28-day follow-up suggested that the reduction in these events obtained with the lower tezosentan dose was not lost over time (Fig. 5) . After six months, the incidence of death was similar among the treatment groups (Table 4) . Except for increased serum creatinine, no clinically relevant differences among treatment groups were observed in hematologic or clinical chemistry parameters. There were no differences in mean changes in ECG parameters or the incidence of treatment-emergent ECG changes, and there was no evidence for a pro-arrhythmic effect. Changes in heart rate were minor in all groups (Table 4) . Decreases in BP were larger with tezosentan than with placebo and appeared to be dose-related.
DISCUSSION
Initial investigations have characterized the effects of shortterm (6 h) intravenous treatment with tezosentan in patients with stable HF (9), but this is the first report of 24-h use in patients admitted to the hospital specifically for treatment of acute HF. The study evaluated the effects of tezosentan on both hemodynamic function and HF symptoms, as rapid improvements in both are needed in this patient population. Hemodynamics were rapidly and significantly improved with both tezosentan doses; the cardiac index was significantly increased and PCWP significantly decreased compared with placebo. This confirms previous findings on the cardiac index and verifies the trend seen in PCWP in the smaller study (9) . In addition, significant decreases from baseline were observed in mean PAP, RAP, PVR, and SVR with tezosentan, which were not observed with placebo. These beneficial hemodynamic effects were rapid in onset, sustained during infusion, and maintained for Ն6 h after treatment cessation. The magnitude of the hemodynamic effect was similar for both the 50-and 100-mg/h dosages, and most of the observed increase in the cardiac index was obtained during the first hour at the 25-mg/h starting dose. These findings suggest that both dosages were at the plateau of the dose-response curve, and a benefit might be attained at doses of 25 mg/h or less.
The magnitude of the hemodynamic improvements obtained with tezosentan in this study was at least as large if not larger than that reported for new vasodilators, such as nesiritide (B-natriuretic peptide) (11) and other ET receptor antagonists (12, 13) in patients with severe chronic HF. However, dosages, treatment durations, patient populations, and concomitant therapies were different, making comparisons difficult. Selective ET A and dual ET A /ET B Figure 4 . Kaplan-Meier plot of time to the combined end point of death or worsening heart failure (HF) during 24-h infusion. Although fairly well tolerated, both dosages of tezosentan were associated with increased incidences of headache, hypotension, early worsening of renal function, and, with the higher dosage, nausea and vomiting. Renal dysfunction occurred primarily in patients who had a history of chronic renal failure, although the time of occurrence appeared to differ depending on the treatment. Tezosentan may unmask patients prone to develop this complication, resulting in an earlier appearance of renal dysfunction with tezosentan than with placebo. As modest increases in serum creatinine have been associated with increased mortality (14) , the earlier appearance of renal dysfunction in tezosentan-treated patients is an important observation, particularly in the higher-dose group. Although the number of deaths up to 28 days was higher in the 100-mg/h dose group, death due to renal failure was similar to that with placebo, and deaths at six months were similar in all groups. However, the study was not powered to determine treatment effect on this parameter, and larger studies are needed to exclude any potential long-term detrimental effect. The mechanism for the earlier appearance of renal dysfunction is unknown but may be related to an excessive dilatory effect on efferent arterioles of renal glomeruli, similar to the effect observed with angiotensin-converting enzyme inhibitors. In a rat model of HF, short-term administration of tezosentan reduced renal vascular resistance and increased glomerular 
